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Abstract 

All Streptococcus pneumoniae isolates tested to date express a species-common lipoprotein designated as pneumococcal surface 
adhesin A (PsaA). This protein is cell-associated, hydrophobic, immunogenic, and genetically conserved. It is currently under 
investigation as a potential component in third-generation pneumococcal vaccine formulations. To overcome the problem of 
low-level expression of native hydrophobic PsaA in S. pneumoniae, and also of the recombinant PsaA (rPsaA) in Escherichia 
coli, we generated a stable E. coli construct expressing functional palmitoylated rPsaA (~ 1 0 mg/1 of fermentation culture) using 
Borrelia burgdorferi o uter surfa ce protein A (OspA, a hydrophobic lipoprotein) signal pe ptide. By Western blot analysis, the 
chimeric rPsaA (~34 kDa) was detected in the cell lysate using anti-PsaA antibodies. It was partially purified by extracting the 
cell pellet with PBS/Triton X R -114 buffers, followed by anion exchange filter chromatography. A trypsin digestion profile of 
rPsaA closely resembled that of the native protein, as revealed by SDS-PAGE/silver staining. Lipidation of rPsaA was 
confirmed by labeling recombinant E. coli cells with [ 3 H] palmitic acid and analyzing the labeled E. coli cells by Western blotting 
coupled with autoradiography. Further, analysis of purified rPsaA by mass spectrometry (MALDI-TOF) revealed a 
heterogenous spectrum with a major peak (M + H) + 1 of mass 33,384 Da (theoretical mass of palmitoylated rPsaA = 33,361 Da). 
gurified rPsaA was immunogenic in CBA/NCAHN-XID female mice following, intranasal immunization with or without 
adjuvant, as determined by measurement" oFanti-PsaA serum IgG levels. These anti-PsaA antibodies reacted with both native 
and rPsaA polypeptides. Our data strongly suggest that E. co/i-expressed rPsaA is palmitoylated and closely resembles the native 
protein in structure and immunogenics ty. It was also observed to elicit measurable protection against n asopharyngeal carriag e 
wi th S. pneumoniae. P ublished by Elsevier Science Ltd. 
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1. Introduction 

Pneumococcal infections caused by Streptococcus 
pneumoniae are common worldwide [1,2], despite the 
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availability of pneumococcal polysaccharide (PS) vac- 
cine [3,4] and antibiotic therapy [5-8], To date at least 
90 different pneumococcal serotypes have been iso- 
lated, and the majority of them express many immuno- 
genic proteins including pneumolysin [9], 
pneumococcal surface proteins A and C (PspA and 
PspC) [10-12], and pneumococcal surface adhesin A 
(PsaA) [13-16]. 
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Acquisition of pneumococcal infection is generally 
from carriers rather than from infected individuals. In 
this regard, PspA has been shown to elicit protection 
against fatal bacteremia [17], whereas PsaA plays a sig- 
nificant role in protection against carriage [18]. It has 
been suggested that the best protection against pneu- 
mococcal infection is to induce herd immunity against 
pneumococcal carriage by incorporating a mixture of 
pneumococcal proteins, viz. PspA, PsaA or pneumoly- 
sin [18]. 

We have identified PsaA as a cell-membrane-associ- 
ated lipoprotein expressed by all pneumococcal strains 
(>90 isolates) tested to date. It is a species-common, 
geneticaiiy conserved lipoprotein antigen which is 
encoded by the psaA gene having an open reading 
frame of 930 bp as a part of a polycistronic message. 
Recent studies from our laboratory have shown that 
immunization of mice with native PsaA [15] or insect 
cell expressed rPsaA [16] elicited anti-PsaA antibodies 
that protect mice against challenge with virulent strains 
of S. pneumoniae. We also generated five anti-PsaA 
monoclonal antibodies (mAbs) that reacted with all S. 
pneumoniae strains ( > 90 isolates) but showed no reac- 
tivity to 55 heterologous bacterial strains causing 
lower respiratory tract diseases [13,19]. Individuals 
with culture-confirmed pneumococcal disease develop 
anti-PsaA antibodies, which are detected by an 
enzyme- linked immunosorbent assay (ELISA) using 
purified native PsaA [20]. 

Efforts to prepare large quantities of native PsaA 
have been impeded by low-level expression by all 
pneumococcal strains and difficulty in purification [21]. 
Most cell-associated PsaA forms lipoprotein complexes 
(micelles) with the pneumococcal cell membrane, simi- 
lar to other prokaryotic lipoproteins that bind strongly 
to the cell membrane [22-25]. Recently, X-ray crystal- 
lographic studies revealed PsaA as a metal (Zn 2+ ) 
binding membrane transport protein [26,27]. In this 
report, we describe simple methods that enable pro- 
duction of large quantities of purified authentic lipi- 
dated rPsaA. Our data strongly suggest that E. coli 
expressed rPsA is lipidated and closely resembles 
native protein in structure and immunogenicity. 

2. Materials and methods 

2.1. Materials 

Carbenicillin, Triton X R -114, Triton X R -100, trypsin 
and isopropylthio-p-b-galactoside (IPTG) and lyso- 
zyme were purchased from Sigma (St. Louis, MO). 

2.2. Bacterial strains and plasmid 

Streptococcus pneumoniae type 6B [19] was grown 
and maintained as described previously [14]. PLN, a 



pneumolysin-negative virulent isolate of S. pneumoniae 
type 2/D39, was provided by Dr D. Briles (University 
of Alabama, Birmingham, AL). The pneumolysin 
structural gene is disrupted by an insert containing an 
erythromycin resistance gene. Competent E. coli DH5a 
cells (Life Technologies, Gaithersburg, MD) and 
HMS174-DE3/pLysS (Novagen, Madison, WI) were 
used for the generation of recombinant plasmid and 
expression of rPsaA polypeptides respectively. All 
recombinant E. coli strains were grown at 34°C in 
yeast extract-Trypton (YT) broth containing 0.8% 
NaCl and carbenicillin at 100 ug/ml as described [14]. 
The expression plasmid, pLFiOO (fl*, Amp 1 ", colEl, 
T7 based pET9 expression vector containing full length 
B. burgdorferi OspA sequence) was provided by Dr 
R.C. Huebner (Pasteur Merieux Connaught Labora- 
tories, Swiftwater, PA). 

2.3. Monoclonal and polyclonal antibodies 

Anti-PsaA monoclonal antibodies (1B6, 1E7, 4E9, 
6F6, and 8G12) and rabbit polyclonal anti-PsaA anti- 
body used for the detection of recombinant PsaA poly- 
peptides have been described elsewhere [19]. 

2.4. Construction of expression plasmid, pO PsaA. 7 

A DNA fragment (830 bp) encoding the functional 
psaA gene (i.e. without its signal sequence) was ampli- 
fied by polymerase chain reaction (PCR) of S. pneumo- 
niae type 6B genomic DNA as described [16]. The 
sense primer for PCR corresponded to the sequence 
(DE09: 5 -GGGCATGCGCTAGCGGAAAAAAAGAT) 
with two bases (GG) extension at the 5' end along 
with a substitution 'C for T (3rd nucleotide at 5' end 
of mature psaA gene) to design a Sphl site (under- 
lined). The reverse primer, complementary to the 3' 
sequence, had a two-base (GG) extension (DE11: 
GGGGATCCTTATTTTGCCAATCCTTC) with a 
BamHl site (underlined). To verify the sequence of the 
functional psaA gene (~843 bp with linkers), the 
amplicon was analyzed by restriction fragment length 
polymorphism (RFLP) with seven restriction endonu- 
cleases (BamHl, Hindlll, EcoRl, Kpnl, Pstl, Sphl and 
Xhol) [28]. The PCR DNA fragment was then digested 
with Sphl and BamHl, purified by agarose gel electro- 
phoresis, and inserted downstream of Borrelia burgdor- 
feri outer surface protein A (ospA) signal sequence (51 
bp) using an E. coli expression plasmid, pLFiOO, in 
subsequent steps [16]. 

The recombinant plasmid pLFiOO expressing full- 
length ospA gene of B. burgdorferi under the control of 
a T7 promoter was selected to generate a chimeric 
psaA gene. In brief, pLFiOO DNA was digested with 
BamHl and Sphl, and the largest fragment (carrying 
ospA signal sequence only) was recovered by agarose 



B.K. De et al / Vaccine 18 (2000) 18 J J- J 82 J 



1813 



gel electrophoresis. This linear plasmid and psaA DNA 
fragment were ligated and used to transform the com- 
petent E. coli cells (DH5a). Recombinant clones were 
screened by Southern dot blot assay using a DIG- 
labeled oligonucleotide probe complementary to the 
junction between ospA signal sequence (underlined) 
and the 5' terminus of psaA (DE10: GCCTTAATAG- 
CATGCGCTAGCGGAAAA). Several E. coli recom- 
binant (pOPsaA.7) clones expressing psaA were 
verified by RFLP analysis of the plasmid DNA by 
using seven restriction enzymes as previously described 
[28]. E. coli competent cells (HMS174-DE3/pLysS) 
were transformed with a recombinant chimeric plasmid 
(pOPsaA.7) containing a functional psaA gene. To 
identify E. coli clones expressing PsaA polypeptide, 
several colonies were screened by immunoblot using an 
anti-PsaA monoclonal antibody (1E7) as previously 
described [16]. One stable recombinant clone (desig- 
nated as HOPsaA.7) expressing chimeric psaA was 
selected for further studies. 



2.5. Cycle sequencing of psaA 

Authenticity of the recombinant clone (HOPsaA.7) 
expressing PsaA was determined by sequence analysis 
of the psaA gene with dye terminator cycle sequencing 
protocols (ABI PRISM dye terminators cycle sequen- 
cing kit, Applied Biosystems, Foster City, CA). In 
brief, recombinant plasmid DNA was isolated from 
HOPsaA.7 cells and used as a template for cycle 
sequencing using DE09 and DE11 primer pair for 
both strands, and the products were analyzed by a 
Model 373 Version 1.2 Sequencer (ABI) as described. 



2.6. Isolation and purification of recombinant PsaA 

To isolate cell-associated rPsaA, early log-phase cells 
(HOPsaA.7) were diluted to 1:10 (0.25 OD 600nm ) with 
fresh YT broth (4 1) supplemented with carbenicillin 
(100 [ig/m\) and 0.8% NaCl, and grown at 34°C to an 
OD 600 nm of 0-60. The cultures were induced with 
IPTG at a final concentration of 1 raM for 4 h and 
then harvested by centrifugation (10 min, 5000 g at 
4°C). The cell pellets were resuspended in 20 vol of 
PEN buffer (50 mM phosphate, pH 8.0, 1 mM EDTA, 
and 50 mM NaCl) and treated as follows: (1) two 
cycles of quick freeze and thaw, (2) lysozyme treatment 
(1 mg/ml) in ice for 30 min, (3) DNase treatment (10 
U/ml) at 25°C for 30 min, and (4) sonication twice for 
15 s with setting 5 (Sonicator XL, Heat Systems, 
Farmingdale, NY). The cell homogenate was clarified 
by centrifugation (10,000 g) and the cell pellet was 
resuspended in 100 ml of PEN buffer containing 2% 
Triton X R -114, extracted overnight at 4°C, and then 



clarified by centrifugation. This yielded a detergent sol- 
uble fraction (designated as DPI). The pellet was 
again extracted with another 100 ml of PEN/2%Triton 
X R -114 buffer overnight at 4°C. The clear detergent 
solution (designated as DP2) was clarified by centrifu- 
gation. Both of these detergent solutions were incu- 
bated at 37°C for 25 min to allow for detergent phase 
separation and this was followed by centrifugation, 
(10,000 g). The concentrated detergent phase (5-10 ml) 
was collected to a fresh tube, dissolved in 50 ml of 
cold phosphate buffered saline (PBS, 10 mM, pH 7.6), 
and dialyzed by using a Spectra/Por membrane of mol- 
ecular weight cut-off 25,000 Da (Spectrum, Houston, 
TX) overnight against 10 mM phosphate buffer 
(pH 6.5) with several changes and was finally clarified 
by centrifugation to remove impurities. 

To remove Triton X R -114 from the isolated rPsaA . 
polypeptides, an ion exchange filter chromatography 
was performed as previously described [16] with the 
following modifications. Briefly, the dialyzed detergent 
solution (DPI or DP2; 10 ml, -0.50 mg of protein/ml) 
was diluted with 10 vol of 10 mM Na-phosphate buffer 
(pH 7.6), adjusted with ethanol to a final concentration 
of 20%, and chromatographed through a strong anio- 
nic filter (Q100, Sartorius, Edgewood, NY) pre-equili- 
brated with washing buffer A (10 mM Na-phosphate, 
0.1% Triton X R -100, 20% ethanol, pH 7.6). Following 
two washes with 30 ml each of buffer A and then buf- 
fer B (10 mM Na-phosphate, 0.1% Triton X R -100, 
20% ethanol, pH 6.5), the filter was eluted with 24 ml 
of buffer C (100 mM Na-phosphate, 100 mM NaCl, 
0.10% Triton X R -100 5 20% ethanol, pH 6.5). Two ml 
of fractions were collected and analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE, 12%). Proteins were visualized by silver 
staining and confirmed by Western blot analysis using 
either rabbit polyclonal sera (1:5000 dilution) or 
mouse monoclonal anti-PsaA antibody (1E7, 1:1000 
dilution) [19]. The micro BCA protein assay (Pierce, 
Rockford, IL), as well as the densitometric analysis 
(Bio Image, Ann Arbor, MI) of gels following SDS- 
PAGE, were used to determine the total protein con- 
tent of these fractions using bovine serum albumin as 
standard. 

To concentrate rPsaA eluted from Q100 ion 
exchange column, a desalting ultra-filtration with a 
low-speed centrifugation (3000 g) was performed using 
Centricon-100 microconcentrator (Millipore, Boston, 
MA). Briefly, a Centricon-100 filter was prewashed 
with buffer C; rPsaA solution was then passed through 
the filter by centrifugation (3000 g) for 90 min at 
24°C. The retentate (200 |il) was washed twice with 
2 ml of buffer D (10 mM Na-phosphate, 20% ethanol, 
pH 6.5) and clarified by centrifugation. 
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2.7. Removal of Triton X R -100 

To remove Triton X R -100 from rPsaA preparation, 
5 ml of QlOO-purified rPsaA (~1 mg) was precipitated 
at -20°C with 2 vols of cold acetone overnight [29]. 
The precipitate was clarified by centrifugation. The 
pellet was washed twice with 2 ml of cold acetone, air 
dried and resuspended in 5 ml of buffer (10 mM phos- 
phate, 20% ethanol, pH 6.5), and dialyzed extensively 
against the same buffer. This yielded rPsaA free from 
Triton X R -100 which was used for various analytical 
studies, including mass spectrometry. 

2.8. Trypsin digestion of rPsaA 

To generate a trypsin digest profile of rPsaA, the 
acetone precipitated rPsaA was diluted (120 ug/ml) in 
trypsin diluent buffer (10% glycerol, 125 mM Tris, 
0.1% SDS, 3 mM MgCl 2 , 0.005% bromophenol blue, 
pH 6.5) (protein fingerprinting kit, Promega, Madison, 
WI), and the solution was heated at 95°C for 5 min 
and then incubated with trypsin (final concentration 
0.005%) for 30 min at 37°C. Native PsaA was also 
partially digested with trypsin under similar conditions. 
Partially digested peptides were analyzed by SDS- 
PAGE (15%) and visualized with silver staining [16]. 

2.9. [ 3 H] Palmitic acid labeling of rPsaA in vivo 

The palmitoylation of rPsaA was assessed by label- 
ing of early log-phase HOPsaA.7 cells with [ 3 H] palmi- 
tic acid (53.0 Ci/mol, Amersham, UK). Briefly, cells 
were grown in 10.0 ml of culture with or without 
IPTG (1 mM) in the presence of [ 3 H] palmitic acid at 
a final concentration of 10 uCi/ml [23]. Following in- 
cubation at 34°C overnight, cells were harvested, 
washed with cold PBS (10 mM, pH 7.2), and extracted 
with 2 ml of PEN/2% Triton X R -114 buffer as 
described. The detergent phase extracts were separated 
by SDS-PAGE (12%) and transferred to a nitrocellu- 
lose membrane for Western blot analysis using an 
anti-PsaA mAb and then autoradiography, as 
described [23]. 

2.10. Mass spectrometry of r PsaA 

The molecular mass of purified rPsaA was deter- 
mined by matrix-assisted laser desorption/ionization- 
time of flight (MALDI-TOF) mass spectrometry [30]. 
Briefly, the detergent-free purified rPsaA (~I ug) 
samples were mixed (1:9) with alpha-cyano-4-hydroxy- 
cinnamic acid (Hewlett-Packard, Palo Alto, CA), and 
1 ul of the mixture was applied to the sample target. 
Mass spectral data were obtained from a REFLEX II 
MALDI-TOF mass spectrometer (Bruker-Daltonics, 
Billerica, MA). The accelerating voltage was set at 25 



kV, using delayed extraction. The spectral data were 
calibrated by external standards. 

2.11. Mouse immunization and intranasal challenge 

Groups of 10 3- to 5-week-old CBA/NCAHNXID 
mice (Jackson Laboratories, Barr Harbor, ME) were 
immunized intranasals (i.n.) using purified rPsaA at 
the following doses: 150 ng or 500 ng per animal. For 
intranasal administration, 10 ul of each dose with or 
without 4 ug cholera toxin B subunit (CTB, List Bio- 
logical, Campbell, CA) was prepared freshly with 
0.85% physiological saline using a stock solution of 
1 mg/ml of purified rPsaA. Mice were boosted twice 
with the same dose of rPsaA on day 7 and day 17 
post-initial dose. 

On day 14 following the final booster, saliva (~60 ul/ 
mouse) and blood (100 ul) from the tail vein were col- 
lected from each mouse and analyzed for an IgG re- 
sponse by ELISA [21]. Six weeks after final boosting 
(day 38), mice were challenged with 10 6 colony form- 
ing units of PLN D39 suspended in 10 ul of 0.85% 
saline. On day 7 post-challenge, mice were euthanized 
and intranasal wash (6 drops) and blood (100 ul) were 
collected. Both blood and intranasal wash samples 
were serially diluted and plated to 5% sheep blood 
agar plate supplemented with 0.3 ug/ml erythromycin. 
Bacterial cultures were incubated at 37°C in a 5% C0 2 
incubator, and colonies were counted following 24 h 
incubation. 



3. Results 

3.1. Expression of lipidated rPsaA 

To facilitate the expression of recombinant PsaA, 
we constructed a plasmid, pOPsaA.7 with the func- 
tional psaA gene of S. pneumoniae type 6b, using an E. 
coli/Tl promoter expression vector. Sequencing analy- 
sis confirmed that chimeric pOPsaA.7 contained psaA 
sequence (data not shown) identical to the entire native 
psaA (870 bp) in frame with ospA signal sequence (51 
bp) of B. burgdorferi. Our sequence data also predicted 
a theoretical molecular weight of 32,572 Da for the 
functional PsaA having 290 amino acids and an iso- 
electric point of 5.0 (data not shown). 

HMS174 -DE3/pLysS cells were transformed with 
recombinant plasmid (pOPsaA.7), which generated a 
recombinant E. coli (HOPsaA.7) identified by immuno- 
blot assay using an anti-PsaA mAb(lE7) (data not 
shown). Under reducing conditions, SDS-PAGE 
analysis of IPTG induced HOPsaA.7 cells revealed a 
major band composed of two closely related proteins 
with a molecular weight of —30 to 34 kDa co-mi- 
grating with native PsaA (Fig. 1(A); lower arrow). 
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Fig. 1. Results of SDS-PAGE analysis of rPsaA by silver staining (A) and Western blot (B) using an anti-PsaA mAb. An average of 10 ng of 
total protein was electrophoretically separated in 12% polyacrylamide gels and silver stained (A). Lane 1, protein molecular markers; lane 2, pur- 
ified native PsaA; lane 3, IPTG induced HOPsaA.7 cell lysate; lane 4, Triton X-114 extracted phase I (DPI); lane 5, Triton X-114 phase 2 (DP2); 
lane 6, Q100 purified rPsaA; lane 7, Centricon 100 enriched rPsaA. An anti-PsaA mAb (1E7) was used for Western blot (B) analysis. Low and 
high arrows indicate monomer and dimer forms of rPsaA polypeptide. 



Western blot analysis using a mouse anti-PsaA mAb 
(1E7) confirmed that this band was PsaA (Fig. 1(B); 
lower arrow). Recombinant HOPsaA.7 cells also 
expressed a slowly migrating polypeptide with a mol- 
ecular mass of ~65-66 kDa revealed by Western blot 
analysis (Fig. 1(A) and 1(B); upper arrow). No other 
detectable proteolytic PsaA fragments were found fol- 
lowing IPTG induction of HOPsaA.7 cells. To investi- 
gate the hydrophobicity pattern of cell-associated 
rPsaA, both the aqueous phase and Triton X R -114 
buffer extracts of cell pellets were analyzed by SDS- 
PAGE and Western blotting using 1E7 mAb. The ma- 
jority of cell-associated rPsaA polypeptides (>90%) 
were partitioned in the detergent phases (DPI and 
DP2) [23], and were precipitated following phase sep- 
aration at 37°C (Figs. 1(A) and 1(B); lanes 4 and 5). 
Thus, HOPsaA.7 cells predominantly expressed the 
membrane-associated rPsaA polypeptides, which 
mostly partitioned in the Triton X R -114 phase and 
were designated as acylated rPsaA [22-25]. 

3.2. Purification of rPsaA 

To remove Triton X R -114 and host proteins from 
the purified rPsaA, an anion exchange filter (Q100) 



chromatography was performed. The majority of 
rPsaA was eluted from the strong basic filter Q100 col- 
umn as a sharp peak (Fig. 1, lane 6) with a buffer 
(10 mM phosphate, 100 mM NaCl, 20% ethanol, 
0.1% Triton X R -100, pH 6.5). About 90% purity of 
rPsaA was achieved at a concentration of — 150— 
200 ug/ml, and the average yield was approximately 4- 
5 mg of purified protein per liter of fermentation cul- 
ture. Although high levels of expression of rPsaA were 
noticed (~10 mg/1 culture), the recovery of purified 
protein was about 50%. This could be attributed to 
the formation of rigid lipoprotein complexes with cel- 
lular lipid membrane, which allow only partial solubi- 
lity of rPsaA in the presence of high concentration of 
Triton X R -114 (2%). Further concentration of the pur- 
ified rPsaA preparation was achieved by low-speed 
centrifugation using Centricon 100 filtration, which 
yielded rPsaA at a concentration of ~0.5 mg-1.0 mg/ 
ml (Fig. 1, lane 7). This partially purified rPsaA 
appeared soluble only in the presence of nonionic 
detergents (Triton X R -114 or Triton X R -100) (data not 
shown). Following acetone precipitation of the purified 
rPsaA, it appeared soluble in detergent-free buffer 
(10 mM phosphate, 20% ethanol, pH 6.5) and suitable 
for various physicochemical studies. 
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3.3. Authenticity of lipidated rPsaA 

The authenticity of rPsaA was confirmed by Wes- 
tern blot assays using a rabbit polyclonal antibody 
(Rab) and five mAbs raised against native PsaA [19]. 
All anti-PsaA antibodies detected the rPsaA polypep- 
tide with a molecular mass of ~34 kDa (Fig. 2, lower 
arrow) as well as a slowly migrating recombinant pro- 
tein with a molecular mass of ~66 kDa (Fig. 2, upper 
arrow). Furthermore, all these anti-PsaA antibodies 
reacted also with rPsaA polypeptides under non-de- 
natured conditions, as revealed by immunoblot assays 
(data not shown). To determine the relatedness of 
native and recombinant PsaA polypeptides, both pro- 
teins were precipitated with acetone and partially 
digested with trypsin. The products were analyzed by 
SDS-PAGE (15%) and visualized by silver staining. A 
characteristic fingerprint pattern of four major frag- 
ments (Fig. 3) with molecular masses ranging from 
30 kDa to 10 kDa, which co-migrated with those of 
native PsaA, were observed. Western blot analysis of 
the trypsin digested fragments of both native and 
rPsaA polypeptide demonstrated no reactivity with a 
rabbit anti-PsaA antibody (data not shown). Interest- 
ingly, a second ~32 kDa recombinant protein was 
detected using 15% SDS-PAGE (Fig. 3, lanes ± 
rPsa A- trypsin). This recombinant polypeptide was a 
product of the partial post-translational modifications 
[31] of rPsaA as revealed previously (Fig. 1, lower 
arrow). Furthermore, a computational amino acid 
analysis of PsaA (protean program, DNASTAR, 
Madison, WI) predicted at least 38 fragments gener- 
ated by complete trypsin digestion (data not shown). 

To identify the lipid moiety of rPsaA expressed in 
HOPsaA.7, cells were labeled with [ 3 H]-palmitic acid 
with or without IPTG induction. The most prominent 
labeled polypeptide appeared to have a molecular mass 
of ~34 kDa (Fig. 4(A), lower arrow), and its identity 
as PsaA was confirmed by Western blot analysis of the 
same membrane with an anti-PsaA mAb (1E7) (Fig. 
4(B)). Interestingly, a slowly migrating rPsaA 
(~66 kDa) was detected by Western blot assay (Fig. 
4(B), upper arrow), but it did not co-migrate with any 
[ 3 H] labeled polypeptide. Similar observations were 
noticed when cells were allowed to grow in the absence 
of IPTG. Thus both recombinant polypeptides parti- 
tioned mostly into the Triton X R -114 phase as they 
were hydrophobic in nature, but only rPsaA with a 
molecular mass of 34 kDa was palmitoylated during 
postranslational modifications. 

To determine the molecular weight of rPsaA (Triton 
X R -lO0 free), it was analyzed by MALDI-TOF mass 
spectrometry. A heterogenous spectrum (Fig. 5) was 
observed with. a major peak (M + H) + 1 of mass 33,384 
Da and an apparently double charge species 
(M + 2H) + 2 at m/z of 16,624 Da. Although these 
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Fig. 2. Western blot analysis of rPsaA by anti-PsaA antibodies. 
Q100 purified rPsaA (-5 ng) was separated by 12% polyacryiamide 
gels, transferred to nitrocellulose membrane and analyzed by anti- 
PsaA monoclonal antibodies. Lane MW, protein standards; lane CC, 
casein control, lane Rab, rabbit polyclonal anti-PsaA antibody; 
Lanes Ml to M5 (1B6, 1E7, 4E9, 6F6, and 8G12), five anti-PsaA 
mAbs. Arrows indicate rPsaA polypeptides. 



MW PsaA/Trypsin rPsaA/Trypsin 
(kDa) + + 




Fig. 3. Silver staining of native and rPsaA polypeptides generated by 
partial digestion with trypsin. Approximately, 1 |ig of detergent-free 
native and rPsaA polypeptides were partially digested with trypsin. 
The products were separated by 15% polyacryiamide gels and visual- 
ized by silver staining. Lane MW, low molecular protein markers; 
lanes PsaA, native protein without and with trypsin; lanes rPsaA, 
recombinant protein without and with trypsin, respectively. Common 
fragments are indicated by arrows. 

values appear slightly higher ( < 1 %) than that of the 
theoretical calculated mass (33,361 Da based on rPsaA 
without leader peptide), the method confirmed palmi- 
toylation of rPsaA according to the proposed model 
for the prokaryotic lipoproteins [29-34]. Further 
analysis revealed a set of two comparatively weak 
peaks, (M + H) +1 with a measured mass of 35,322 Da 
and a second peak (M + 2H) + 2 with a molecular mass 
of 17, 692 Da. Interestingly, no peak corresponding to 
~66 kDa protein was found under present experimen- 
tal conditions. This data suggest that the palmitoyla- 
tion of rPsaA by a heterologous signal peptide is 
possible. 
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Fig. 4. SDS-PAGE analysis of Triton X R -114 extracted rPsaA from HOPsaA.7 cells labeled with [ 3 H]-palmitic acid following induction of 
IPTG. Triton X R -1 14-extracted total protein (~10 5 DPM) was electrophoresed on 12% polyacrylamide gels and transblotted to nitrocellulose 
membranes. Following 10 days' exposure to X-ray film (A) the same membrane was analyzed by Western blot (B) using an anti-PsaA mAb 
(1E7). Lane MW protein markers; lane CC, normal E. coli cell control; lanes - and +, Triton X R -114 extracts from cells induced without and 
with IPTG induction, respectively. Arrow indicates [ 3 H] labeled rPsaA. 
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Fig. 5. MALDI-TOF spectrum of rPsaA. The spectrum indicates two major recombinant polypeptides (33,384 Da and 35,322 Da). The estimated 
mass values (m/z) plotted on the .v-axis, and average intensity (a.i.) corresponds to the ^-axis. 



3.4. Animal data 

Mice immunized i.n. at doses of 150 and 500 ng 
with purified rPsaA (with or with without CTB) were 
challenged i.n. 6 weeks post-dose 3. Intranasal carriage 
and bacteremia were determined 1 week post-chal- 
lenge. We detected both mucosal and systemic specific 



antibody to rPsaA 2 weeks after dose 3 of rPsaA (data 
not shown). Significant reduction in carriage (P < 
0.05, vs controls) was observed in the immunizsd. 
groups (P < 0.01). 

M ice that were immunized parente rally with rPsaA 
(5 ng) demonstrated significant protection against i.n. 
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carriage ( P < 0.004) 7 days after challenge (data not 
shown). 

4. Discussion 

Bacterial lipoproteins confer many biological func- 
tions following infections [31]. Some of them also act 
as immunogen(s) eliciting protective antibody. For 
example, a lipidated outer surface protein A (OspA) of 
B. burgdorferi is now considered an effective vaccine 
against Lyme disease [35,36]. We identified PsaA as a 
species-common lipoprotein of 5. pneumoniae, and our 
preliminary studies suggested its usefulness as an 
immunogen protecting mice following challenge with 
virulent pneumococcal strains. However, this lipopro- 
tein is expressed in low quantities in its native form. 
Therefore, in order to examine the role(s) this lipopro- 
tein may play as a possible third -generation pneumo- 
coccal vaccine, we cloned and expressed chimeric psaA 
operon with B. burgdorferi ospA signal sequence into 
protease-deficient E. coli cells (HMS174-DE3/pLysS). 
The identity of recombinant lipoprotein was confirmed 
by meeting the following criteria: (1) anti-PsaA anti- 
bodies recognized rPsaA polypeptide; (2) rPsaA parti- 
tioned into Triton X R -114 detergent phase; (3) [ 3 H]- 
palmitic acid incorporated into rPsaA polypeptide as 
shown by Western blot analysis using an anti-PsaA 
mAb; and (4) mass spectrometry analysis of rPsaA 
revealed a major peak (M + H) + 1 of mass 33,384 Da 
corresponding to palmitoylated rPsaA (theoretical 
mass of lipidated rPsaA = 33,361 Da). 

The native PsaA leader peptide appeared inefficient 
in producing large quantities of functional PsaA in E. 
coli host [14]. So, in order to achieve greater levels of 
expression and production of large quantities of func- 
tional PsaA, the native leader sequence was replaced 
with B. burgdorferi ospA signal sequence and expressed 
under the control of T7 promoter. Recently, this OspA 
signal peptide and also T7 promoter were used to pro- 
duce large quantities of functional lipidated OspA 
polypeptide in a genetically modified E. coli host [23]. 
Furthermore, our comparative amino acid sequence 
revealed OspA peptide as smaller and less hydrophobic 
than PsaA signal peptide (total amino acids 16 vs 19, 
and hydrophobic amino acid 10 vs 13). 

The role(s) of signal peptidase II depends on the 
structure of signal peptide, which plays a major role(s) 
during post-translational modifications and transpor- 
tation of functional protein in the E, coli host [31] . 
High levels of recombinant OspA expression in E. coli 
might suggest that the host signal peptidase II cleave 
the OspA signal peptide more efficiently and exports 
mature recombinant protein to the cellular membrane 
as related to the native signal peptide, which might be 
inefficiently processed by the host enzymes. In our 



study, we selected an £. coli host (HMS174-DE3/ 
pLysS) as suitable for expression of rPsaA. This host 
strain contains a plasmid (pLysS) expressing T7 lyso- 
zyme [37] which, in conjunction with host signal pepti- 
dase II, facilitates high levels in expression and 
accumulation of mature PsaA in the cell membrane. 
Limited expression of T7 lysozyme also enhances cell 
lysis following detergent treatment. The E. coli chi- 
meric construct produced mostly cell-associated recom- 
binant polypeptides (>95%) with an average yield of 
10 mg per liter of fermentation culture. Although this 
is on average a 100-fold higher yield than native PsaA 
expressed by S. pneumoniae as reported earlier [20], 
our total yield of purified lipidated rPsaA approxi- 
mately 5 mg/1 of fermentation culture. 

The initial isolation of rPsaA from the cell pellet 
was achieved following successive lysozyme treatment, 
sonication and repeated detergent extraction of rPsaA 
with 2% Triton X R -114 buffers, allowing the majority 
of recombinant proteins (>60%) to partition in Triton 
X R -114 phase. The limited solubility of rPsaA in a 
high concentration of Triton X R -114 (2%) suggests 
that the acylated rPsaA formed rigid lipid membrane 
complexes with the cellular lipoproteins [31]. By deter- 
gent phase separation at 37°C followed by extensive 
dialysis (10 mM phosphate, pH 6.5) most of the host 
proteins were removed, but there were still detectable 
amounts of Triton X R -114, E. coli host proteins, and 
LPS in the rPsaA preparation. The isoelectric point of 
rPsaA (pi 5.0) helped to optimize the final purification 
of rPsaA based on basic anionic exchange filter (Q100) 
chromatography. By washing with 10 mM phosphate 
buffer (pH 7.6) the majority of impurities, including 
Triton X R -114, were removed and the Q300 membrane 
retained the majority of rPsaA (>90%), which was 
eluted efficiently with a buffer (100 mM NaCl, 10 mM 
phosphate, pH 6.5). Because rPsaA is highly hydro- 
phobic and adhesive in nature, we increased the effi- 
ciency of rPsaA elution by incorporating Triton X R - 
100 (0.1%) and ethanol (20%) in the buffer systems 
which yielded highly pure (>90%) rPsaA at a concen- 
tration of 150 |ig/ml. Further concentration of purified 
rPsaA was achieved by Centricon microfiltration, 
which increased the concentration of rPsaA 5-10 fold 
(~1 mg/ml) and also removed salts as well as Triton 
X R -100. Our purification protocol appeared to be a 
convenient, efficient and cost-effective process produ- 
cing high yields of rPsaA. 

Our preliminary data suggest that HOPsaA.7 cells 
also expressed a slowly migrating rPsaA (probably a 
dimeric form of rPsaA) polypeptide and a partially 
processed ~32 kDa along with the monomeric rPsaA. 
This phenomenon might be explained by incomplete 
post-translational modifications including acylation, as 
are often noticed in other prokaryotic expression sys- 
tems [29]. Recombinant PsaA polypeptides expressed 
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H <~ rt differ in molecular mass [14], but remain similar in 

| g - immunogenecity to the native PsaA by Western blot 

§ b 'Z analysis (Fig. 1 and Fig. 3). 

| § | Interestingly, rPsaA polypeptide (34 kDa) was 

hydrophobic, lipidated, and aggregated protein com- 
plexes (micelle) closely resembling the biological and 
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porated into rPsaA following post-translational modifi- 
_ I cations by £. co/i cells, and the labeled rPsaA 

£ | partitioned into the Triton X R -114 phase. Second, the 

inability to analyze N-terminal sequences by the 
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gram-positive bacteria, including pneumococcal 
strains, express very low levels of membrane bound 
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| | >> acyldiacylglycerylcysteine, at the N terminus following 

post-translational modifications [25]. These bacterial 
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going. Our preliminary data suggest that rPsaA poly- 
peptide acts effectively in protecting mice. 

We have developed a simple prokaryotic expression 
system which provides a means of generating a high- 
quality punned rPsaA polypeptide (~5 mg/1 of fermen- 
tation culture). Additionally, our data strongly indicate 
that rPsaA is palmitoylated, immunogenic and closely 
resembles native PsaA. The ability to produce purified 
rPsaA in these quantities will enable evaluation of this 
protein as a potential third-generation vaccine candi- 
date alone or in combination with other pneumococcal 
antigens. Further knowledge of the structure and func- 
tion of rPsaA will enable an appropriate design of stu- 
dies to optimize purification schemes and investigate 
the relationship of structure to immunogenecity and 
will ultimately aid in the prevention of pneumococcal 
disease. 
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